Heat shock proteins (HSP) act as a class of molecular chaperones involved in numerous processes, such as protein folding, assembly and intracellular transportation (1,2). HSP used to be considered to function exclusively inside the cells, however, several family members of HSP, including Hsp60 and Hsp72, have been reported to exist in the extracellular compartment following necrotic release or mild secretion in response to cellular stress (3-5). Extracellular HSP, especially Hsp72, is thought to play an important role in augmenting the immune system and to break the tolerance to recognize "dangerous signal" of an infection or a disease (6,7). Two unique feature of Hsp72 adorn it with its ability to stimulate immune responses. First, Hsp72 peptide-binding activity; the peptides bound by the Hsp72 act as the fingerprint of the diseased cells of origin, which the immune system recognizes (8). The chaperoned peptides are then transferred to APC to induce priming CD8 + T lymphocytes targeting the specific peptide, and consequently elicits antigen-specific immunity (9,10). Second, Hsp72 has the ability to induce non-specific stimulation of pro-inflammatory cytokine (11-13) and chemokine production (14). Therefore, extracellular Hsp72 plays a critical role in both innate and adaptive immune activation (15, 16) .
Heat shock proteins (HSP) act as a class of molecular chaperones involved in numerous processes, such as protein folding, assembly and intracellular transportation (1, 2) . HSP used to be considered to function exclusively inside the cells, however, several family members of HSP, including Hsp60 and Hsp72, have been reported to exist in the extracellular compartment following necrotic release or mild secretion in response to cellular stress (3) (4) (5) . Extracellular HSP, especially Hsp72, is thought to play an important role in augmenting the immune system and to break the tolerance to recognize "dangerous signal" of an infection or a disease (6, 7) . Two unique feature of Hsp72 adorn it with its ability to stimulate immune responses. First, Hsp72 peptide-binding activity; the peptides bound by the Hsp72 act as the fingerprint of the diseased cells of origin, which the immune system recognizes (8). The chaperoned peptides are then transferred to APC to induce priming CD8 + T lymphocytes targeting the specific peptide, and consequently elicits antigen-specific immunity (9, 10) . Second, Hsp72 has the ability to induce non-specific stimulation of pro-inflammatory cytokine (11) (12) (13) and chemokine production (14) . Therefore, extracellular Hsp72 plays a critical role in both innate and adaptive immune activation (15, 16) .
Although it is now accepted that recombinant Hsp72 exerts immune stimulating effects (17, 18) . Studies that initially cast doubt on these findings (19) (20) (21) (22) (23) were helpful in cautioning investigator to take special care to ensure that recombinant Hsp72 proteins prepared from endotoxin sources exhibited low endotoxin levels. To revisit the question and confirm that "clean" Hsp72 has the ability to stimulate host chaperokine activity, we expressed the recombinant Hsp72 in the Baculovirus Expression Vector System (BEVS). The BEVS has been well established and extensively used to express a large variety of proteins in insect cells (24) . The BEVS can generate large quantities of proteins and the proteins are more likely to have biological activities of the original proteins under the natural condition than proteins expressed in bacterial systems. More importantly, using insect cells can help to exclude the obvious endotoxin contamination in the recombinant Hsp72 protein.
Our results demonstrate that recombinant Hsp72 bv generated from BEVS is free of endotoxin and retains the ability to stimulate potent calcium flux, augment cytokine secretion, and increase the relative number of CD4 + T lymphocytes and CD11c + monocytes. The mouse monoclonal anti-Hsp72 antibody was purchased from Stressgen. Cytometric bead assay (CBA) flex sets, anti-mouse CD4 (L3T4), CD8 (Ly2) and anti-mouse CD11c-PE conjugated antibody were ordered from BD Bioscience. Antimouse IgG-FITC conjugated was from Sigma. Centricon Ultracel YM-50 column was purchased from Millipore. All other chemicals were reagent grade. BALB/c mice were purchased from Charles River Laboratories.
EXPERIMENTAL PROCEDURES

Materials
Cell Culture and Development of Recombinant
Viruses -Sf9 insect cells were maintained in suspension culture at a density of 0.5x10 6 to 3x10 6 cells/ml in BacVector Insect Cell Medium with 5% FBS and 0.1% Pluronic F68 Prill. The growth temperature was maintained at 27°C throughout all the experiments. The cell count was made with a haemocytometer after trypan blue staining; an experimental error of ± 10% has to be accounted for. To develop the construct required for expression human Hsp72 protein, the human hsp72 ORF gene was first synthesized by PCR using pOTB7 vector (containing MGC-full length hsp72 gene) as a template, and then was cloned into pBACgus-2cp baculovirus transfer vector at the HindIII and XhoI sites. The pBACgus-2cp vector encoding an N-terminal His-tag followed by an S-peptide tag was used for protein purification. The final recombinant transfer vector pBACgus-72 was sequenced to conform the reading frame and sequence of the corresponding gene inserted. To develop recombinant baculovirus, 2.0x10 6 Sf9 insect cells were seeded into T25 flask and were co-transfected with 500ng of recombinant transfer vector pBACgus-72 and 100ng of BacVector-1000 triple cut linearized AcMNPV DNA, using Insect GeneJuice Transfection Reagent as directed by the manufacturer. Supernatant was collected after 6-day post-transfection and the recombinant baculovirus was isolated by plaque assay. The recombinant baculovirus was plaque-purified three times in order to eliminate contaminated wild-type baculovirus. The presence of the desired human hsp72 gene in the recombinant virus was confirmed by PCR amplification using two primers EcoRV-For (5' CCATTGTAATGAGACGCAC 3') and DOWN1629-Rev (5' CTGTAAATCAACAACGCACAG 3'). The purified recombinant virus was amplified to generate high titer viral stock according to standard techniques and used for protein expression.
Recombinant Human Hsp72
bv , Purification and Analysis -Sf9 insect cells were plated out T75 flask at a density of 2.0x10 6 per flask and allow adhering to the flask for about 1 hour. Then high titer recombinant virus was added to obtain the desired multiplicity of infection (MOI). Upon infection, the cells were maintained at 27ºC. The infected cells were collected after 96h post infection and added 0.05 culture volume of Insect PopCulture Reagent containing 2x protease inhibitor cocktail, followed by 4U Benzonase Nuclease per 1ml of the original culture volume. The mixture was inverted gently and incubated at room temperature for 15min. The cell debris was removed by centrifugation for 15 min at 15,000 rpm (4°C). For purification of His-tagged proteins, the supernatants were subjected to metal-chelation column chromatography using Ni-NTA His-Bind resin equilibrated with column buffer (300mM NaCl, 50mM sodium phosphate buffer, 1mM imidazole, pH 8.0). The column was washed twice with 10ml of wash buffer (300mM NaCl, 50mM sodium phosphate buffer, pH 8.0) containing 5mM imidazole. The bound proteins were eluted with elute buffer (300mM NaCl, 50mM sodium phosphate buffer, pH 8.0) containing 250mM imidazole. Fractions containing Hsp72 fusion proteins were further desalted by centricon YM-50 column and identified by SDA-PAGE, immunoblot and Mass Spectrometry analysis. SDS-PAGE and immunoblot were performed under reducing and denaturing conditions. The appropriate amount of proteins were separated on 12% SDS-PAGE gel, and either visualized by Coomassie blue staining or transferred to a PVDF transfer membrane. The membranes were blocked with 5% non-fat milk for 1 hour at room temperature and incubated overnight with mouse monoclonal anti-Hsp72 antibody at a 1:3000 dilution for overnight at 4ºC. After washed for 3 times with TBST, the membranes were incubated for 1 hour at room temperature at a 1:20,000 dilution of HRP-conjugated goat anti-mouse IgG secondary antibody (Sigma). Immunoblots were developed by chemiluminescence employing ECL Western blotting reagents (Amersham International, UK) according to the manufacturer's instructions. For Mass Spectrometry analysis, desalted purified Hsp72 bv protein was dried completely in a SpeedVac and then was dissolved in 100μl of 200 mM ammonium bicarbonate. 20μl of freshly made 10mM DTT (made with 100mM ammonium bicarbonate) was added to the protein solution followed by heating at 65°C for 1 hour. Then 20μl of freshly prepared 55mM iodoacetamide (made with 100mM ammonium bicarbonate) was added and the samples were wrapped in foil and shook for another 1 hour. And then proteins were precipitate with 1ml ice-cold acetone and resuspend in 50μl of 50mM ammonium bicarbonate. Samples were subjected to trypsin digestion for overnight at 37°C before Mass Spectrometry analysis. All of the water used is endotoxin-free water. Purified proteins were analyzed for endotoxin content using the Limulus amebocyte lysate assay (Cambrex Co). Protein concentration was measured by RC DC protein assay (Bio-Rad).
Calcium Influx Measurement -THP-1 cells were incubated at 37°C for 30 min in cell loading medium (RPMI 1640, 10% FBS, 30mM HEPES, 1mM CaCl 2 , 1mM MgCl 2 ) containing 0.04% pluronic, 3 μM fluo-3 and 9μM fura red (protected from light). Then the cells were spinned down and washed with 6 ml wash buffer (RPMI 1640, 10% FBS, 30mM HEPES, 2 mM probenecid) twice. 0.7ml cell wash buffer was added to make 1×10 7 cells/ml cell suspension. 200μl of cell suspension was transfer to 5 ml tube containing 1 ml cell wash buffer, wrap in foil paper and store at room temperature in the dark. Samples were warmed up at 37°C for 5~10 min, then were analyzed on a BD FACSAria Flow Cytometer (BD Biosciences, San Jose, CA) equipped with 488 nm argon laser. Baseloine values were recorded for 1min before the addition of modulators. Data of fluo-3 mean fluorescence intensity (MFI) at 515 to 535 nm and Fura Red MFI at 665-685 nm using linear amplification. At least 10,000 events were collected for each sample. Data were then analyzed using Flowjo software to obtain the MFI of fluo-3/Fura Red ratio versus time.
Phenotypic Analysis and Cytometric Bead
Assay (CBA) -Spleen were removed from BALB/c mice (6-8 week old). Splenocytes were isolated and treated with a hypotonic solution to lyse the erythrocytes. Primary splenocytes were brought to a concentration of 10×10 6 cells/ml in enriched RPMI in 6-well plates. The next day, cells were treated with PBS, 100μg/ml of BSA and 100μg/ml or 200μg/ml of recombinant Hsp72 bv , respectively. Cultures were incubated at 37ºC for three days. Then the cells and supernatant were separated by spinning down at 1,000rpm for 5 min. The cell pellets were fixed with 1% paraformadenhyde and then analyzed for cell component. Surface expression of molecules was determined by flow cytometry. Cells (0.5x10 6 ) were stained with specific antibodies (anti-mouse CD4 (L3T4), CD8 (Ly2), or anti-mouse CD11c-PE conjugated antibody) for 30 min on ice (protected from light). Secondary antibody antimouse IgG-FITC conjugated was used. Immunofluorescence analyses employed the BD FACAria and Diva software. The supernatants were stored at -80ºC for cytokine assay. For cytokine assay, the Cytometric Bead Assay (CBA) flex sets, including IFN-γ, IL-12p70, TNF-α and IL-4, were employed following the standard procedure. Briefly, to prepare the mixed capture beads (MCB) and the mixed detection reagents (MDR), each tube requires 50μl of the diluted beads. Then, 50μl of the MCB was aliquot to each assay tube and then 50μl of sample was added. After 1-hour incubation at room temperature, 50 μl of MDR was added to each assay tube. The assay tubes were incubated for 2 hours at room temperature. Thereafter, the assay tubes were washed once with 1ml of wash buffer. At last 300 μl of wash buffer was added to each assay tube and the data were collected on BD FACSAria flow cytometer. Raw data were analyzed using FCAP software.
RESULTS
Isolation of Recombinant Baculovirus
Encoding Human hsp72 Gene -We cloned the entire coding sequence of the human hsp72 gene into the baculovirus transfer plasmid pBACgus2cp at HindIII and XhoI restriction sites to generate recombinant pBACgus-72 baculovirus transfer vector. The hsp72 gene was located downstream from the baculovirus polyhedron protein promoter (Fig. 1) . The recombinant baculovirus transfer vector pBACgus-72 was then co-transfected into Sf9 insect cells with linearized wild-type baculovirus DNA and the recombinant baculovirus was isolated by plaque staining (Fig.  2A) . The chromogenic substrate X-Gluc was applied at the last step of plaque staining for the detection of the gus gene. Recombinant pBACguscontaining viruses express β-glucuronidase, which can reduce X-Gluc to produce a localized blue color ( Fig. 2A) . Three rounds of plaque screening were employed in order to remove any residual wild-type baculovirus. To confirm that the purified isolates containing human hsp72 gene sequence, the recombinant viral DNAs were isolated and verified by PCR amplification (Fig. 2B) , and gene sequencing (data no shown). In a separate experiment, the selected primers were shown to detect Hsp72 in normal human cell line (data not shown). Only the positive recombinant viral isolates, containing hsp72 gene, were propagated to generate high titer viral stock for later expression.
Production and Purification of Recombinant Human Hsp72
bv From Insect Cells -The recombinant human Hsp72 bv was expressed in Sf9 insect cells by infection of the purified recombinant baculovirus at MOI of 5. Virusinfected cells were collected at different postinfection time points, and cell lysates were probed with anti-Hsp72 antibody to determine the amount of expression (Fig. 3A) . Hsp72 bv protein was detectable at 48-hour post-infection and reached the maximal level at 96 hours (Fig. 3A) . Recombinant Hsp72 bv protein has an N-terminal polyhistidine tag (His-tag) to facilitate protein purification by affinity chromatography. Large amounts of recombinant Hsp72 protein was produced in virus-infected Sf9 insect cells and purified by Ni-NTA His·bind column under native condition. Purified recombinant protein was further desalted and analyzed by SDS-PAGE (Fig.  3B) . The Coomassie Blue stained image demonstrate that the single protein band migrated at about 72kDa position and no non-specific proteins were detectable even when 30 μg of sample was loaded onto the gel. To further confirm the purity of recombinant Hsp72 bv silver staining after SDS-PAGE was performed. Silver staining is a very sensitive tool for protein visualization with a detection level down to the 0.3-10ng level (25 bv was loaded onto the gel, there was only one very faint non-specific protein band (Fig. 3C) . These results confirm that the recombinant Hsp72 bv is of very high purity. The purified recombinant Hsp72 bv protein was then digested and further identified by mass spectrometry. Bioinformatics confirmed that the purified recombinant protein preparation was indeed Hsp72 and exhibited 71% amino acid (AA) coverage with human Hsp72 in the database (Table 1) 
The correlation between the absorbance and the endotoxin concentration is linear in the 0.01-0.1ng/ml range. This in vitro end-product endotoxin test can detect as low as 0.01ng/ml endotoxin in the samples. In our hands, the standard curve of the positive endotoxin control exhibited a regression curve of 0.952 in the range of 0.01-0.1ng/ml (Fig. 4B) . The endotoxin content of 40μg recombinant Hsp72 bv protein sample was below detectable levels (Fig. 4A) . Taken together, these data demonstrate that the recombinant Hsp72 bv protein expressed by BEVS in Sf9 cells is free of endotoxin. Taken together, these results confirm that we have successfully produced and purified bioactive endotoxin-free Hsp72 bv from insect cells.
Recombinant Human Hsp72
bv Enhanced the Tolerance of Neuroblastma Cells to Heat Shockinduced Cell Death -Exogenous Hsp70 renders neuroblastoma cells resistant to heat shockinduced cell death and the apoptotic effects of staurosprine (26) . We therefore examined if recombinant Hsp72 bv purified from insect cells has similar protective ability to SH-SY5Y, human neuroblastoma cells. SH-SY5Y cells were incubated in FBS-free medium containing different concentration of Hsp72 bv (25 µg/ml or 50 µg/ml), respectively; and then subjected to heat shock (44°C, 40min). We demonstrate that pretreatment of SH-SY5Y cells with Hsp72 bv protein significantly reduced cell death-induced heat shock (44°C, 40min), in a dose-dependent fashion, but did not significantly affect the viability of cells maintained at control temperatures (37°C, 40min) (Fig. 5) .
Recombinant Human Hsp72 bv Induces a Rapid Intracellular
Calcium Flux -Previous experiments demonstrated that endotoxin does not induce intracellular calcium flux in cells, however, Hsp72 does (12, 27) . To determine whether the purified recombinant protein Hsp72 bv exhibits similar effects human monocytic cells, THP-1, were treated with the recombinant Hsp72 bv protein and intracellular calcium flux was measured by flow cytometry. We demonstrate the recombinant Hsp72 bv elicits a rapid dose-dependent intracellular calcium flux (Fig. 6) . Pre-treatment of THP-1 monocytes with the intracellular calcium chelator BAPTA-AM completely abrogated recombinant Hsp72 bv -induced intracellular calcium flux (Fig. 6) .
Effect of Recombinant Hsp72
bv on Cytokines Production and Leukocyte Phenotype -To determine whether the recombinant Hsp72 bv protein can enhance pro-inflammatory cytokine production, primary mouse splenocytes isolated from BALB/c mice were treated for 3 days with 100μg or 200μg of Hsp72 bv or 100μg BSA control. We demonstrate that treatment of mouse splenocytes with exogenous recombinant Hsp72 bv protein significantly increased the expressions of pro-inflammatory cytokines TNF-α (1.8-fold), IL12p70 (1.7-fold), IFN-γ (2,000-fold), and the antiinflammatory cytokine, IL-4 (2.3-fold) as compared to BSA controls (Fig. 7A) . To determine the effect of recombinant Hsp72 bv on leukocyte phenotype, splenocytes were treated in a similar fashion and phenotypic changes were analyzed by flow cytometry. We demonstrate that recombinant Hsp72 bv significantly increases the relative number of CD4 + T lymphocyte (1.3-fold) and CD11c + monocyte (55.2-fold), but not CD8 + T lymphocytes, as compared to BSA controls (Fig.  7B) . Taken together, these data suggest that recombinant Hsp72 bv protein retains its chaperokine activity.
DISCUSSION
In addition to its classical intracellular chaperone function, Hsp72 has been found to also have extracellular functions. Extracellular Hsp72 released through passive or active pathway is thought to exert a number of immunological properties, including enhancing productions of cytokines and chemokines, promoting cell activation and maturation (5,28), assisting antigen cross-presentation and eliciting antigen-specific immunity (29, 30) . A number of studies have demonstrated that extracellular Hsp72-peptide complexes (Hsp72-PC) can lead to the transport of peptide antigens into APC cells and delivery to MHC class I molecules, therefore, induce the production of peptide-specific CD8 + cytotoxic T lymphocytes (CTL) (9, 15, 31, 32) . Recently, intense studies have been initiated into the use of extracellular Hsp72 as an agent for tumor immunotherapy (33) . The Hsp72-mediated effects on APC have been reported to be a receptormediated processors occurring via TLR2/4 (11, (34) (35) (36) (37) (38) (39) . It was however reported that the two commonly used standards, heat inactivation and polymyxin B inhibition, which rule out the possibility that the observed immunological effects were due to the contamination of endotoxin, were suggested to be inadequate (40) . These authors report suggests that endotoxin is heat-sensitive, particularly at low concentrations and the endotoxin inhibitor, polymyxin B, is not able to completely abolish the function of minute amounts of endotoxin (40) . To avoid the endotoxin contamination and circumvent the endotoxindepletion procedure, in this study, we expressed the recombinant Hsp72 using the Baculovirus Expression Vector System (BEVS). The most attractive feature offered by the BEVS is its ability to produce significant amounts of the desired protein in a cellular environment that are more likely to have biological activities of the original proteins under the natural condition than proteins expressed in bacterial systems (41) . More importantly, using insect cells excludes the possibility of endotoxin contamination. Our data demonstrates that immunologically active recombinant human Hsp72 can be produced in recombinant baculovirus-infected insect cells. There was no detectable endotoxin in the purified recombinant proteins as judged by SDS-PAGE, immunoblot ( Fig. 3 and 4 ) and mass spectrometry (Table 1) .
Previous studies have evaluated the role of Hsp72 in various signal transduction steps and demonstrated that Hsp72 binds with high affinity to the plasma membrane of APC to elicit a rapid intracellular Ca 2+ flux within 10 seconds (12, 27, 42) . This is an important distinction between LPS-mediated and Hsp72-mediated events, because the treatment of APC with LPS does not result in an intracellular calcium flux (43) . Our data demonstrates that recombinant Hsp72 bv protein from insect cells elicits a rapid, dose-dependent intracellular calcium flux in human monocytes, which is completely abrogated by pre-treatment with the intracellular calcium chelator, BAPTA-AM (Fig. 6) . Taken together, these data suggest that the recombinant Hsp72 bv is active and has normal chaperokine function attributed to the Hsp72 protein, not endotoxin contamination.
Hsp72 has the unique ability to chaperone antigenic peptides for presentation to APC and stimulate signaling pathways that subsequently result in the production of inflammatory mediators (11) (12) (13) 38, 44, 45) . In a similar fashion, the treatment of splenocytes with recombinant Hsp72 bv for 3-5 days significantly augmented the expression of pro-inflammatory cytokines TNF-α, IL-12p70, IFN-γ (Fig. 7A ). Since our working hypothesis is that Hsp72 non-specifically augments pro-inflammatory cytokine production, we were initially surprised that recombinant Hsp72 bv also increased the expression of the antiinflammatory cytokine, IL-4 (Fig. 7A) . This is because IL-4 and IFN-γ reciprocally antagonize the actions of each other on B cells, in particular at the level of IgE synthesis (46) , and each inhibits the differentiation of naïve T cells into secretors of the other cytokines (47) . IL-4 exerts an inhibitory effect on Th1-like responses and IFN-γ does the same to Th2-like responses. IL-4 also antagonizes the macrophage-activating effects of IFN-γ and inhibits cell-mediated immune reactions. Closer examination of the expression levels suggests that our hypothesis still holds since recombinant Hsp72 bv increased IFN-γ expression levels by 2,000-fold, and IL-4 expression by only 2.3-fold (Fig. 7A) . Therefore, the regulatory effect of these two cytokines will favor the immune responses of Th1-like pro-inflammatory immune responses. CD4 + T lymphocytes play an important role in establishing and maximizing the capabilities of the immune system. They are essential in determining B cell antibody class switching, in the activation and growth of cytotoxic T lymphocytes, and in maximizing bactericidal activity of professional phagocytes including monocytes and macrophages. Our data demonstrates that recombinant Hsp72 bv treatment increases the relative numbers of CD4 + T lymphocytes and CD11c + monocytes (Fig. 7B) bv protects neuroblastoma cells against lethal heat stress. Neuroblastoma SH-SY5Y cells (10 6 /ml) were incubated in the presence of recombinant human Hsp72 bv protein (25µg/ml; grey bars) or recombinant human Hsp72 bv protein 50µg/ml; filled bars) or 50µg/ml BSA (control protein; open bars) for 3h at 37°C. Cells were then exposed to heat shock (44°C for 40 min), and incubated for a further 24h at 37°C, then cell death was measured by Trypan exclusion assay. Data represents the percentage of dead cells ± SEM, and is the sum of three independently performed experiments. *, p<0.05 vs control (BSA). 
